Several groups have reported emission from the v 9 band of ethane at 12 ¡im in the spectra of Jupiter, Saturn, Neptune, and Titan. This paper reports the results of a laboratory study of v 9 using both high-resolution Fourier transform and diode laser absorption spectroscopy. Approximately 2000 transitions in this band have been subjected to an analysis that includes the normal rovibrational terms as well as the higher order effects of /-doubling, /-resonance, internal rotation, and a Coriolis resonance with the 3v 4 state. A model for this band capable of reproducing observed v 9 features to better than 0.001 cm" 1 is presented. High-precision values of the primary ground-state constants have also been determined: B 0 = 0-6630279(24) cm" 1 , Do 7 = 1.0324(23) x 10" 6 cm" 1 and D 0 JK = 2.651(88) x 10" 6 cm" 1 . A list of v 9 transitions occurring near 14 C02 laser lines that are good candidates for laser heterodyne searches has been compiled. An atlas is available from the authors that includes (1) plots of the observed and simulated v 9 spectra between 750 and 900 cm" 1 and (2) a list of over 8500 calculated transitions and intensities.
I. INTRODUCTION
The v 9 fundamental band of ethane occurs in the 12 gm wavelength region and has recently received a great deal of attention in molecular astrophysics. It is the strongest band of ethane in a terrestrial window and therefore has always provided the best opportunity for identification and characterization of ethane in planetary atmospheres and molecular clouds.
Spectra recorded from the outer solar system bodies of Jupiter, Saturn, Neptune, and Titan show 12 /¿m emission from ethane (Ridgway 1974; Gillett and Forrest 1974; Combes et al 1974; Tokunaga, Knacke, and Owen 1976; Encrenaz, Combes, and Zéau 1978; Tokunaga et al 1979; Tokunaga, Knacke, and Orton 1975; Gillett and Rieke 1977; Macy and Sinton 1977; Gillett, Forrest, and Merrill 1973; Hand et al 1981) . The observed v 9 emission has been used to determine ethane abundances and to map planetary ethane Tokunaga et al 1978; Hand et al 1981) . All of these studies provide information needed for the construction of planetary atmospheric models (Danielson, Caldwell, and Larach 1973; Hunten 1974; Strobel 1974; Caldwell 1977; Yung and Strobel 1980) . In low-resolution spectra the emission is seen as a single ~ 70 cm" 1 wide feature, while its appearance in medium-resolution spectra is as a series of unresolved Q-branches separated by ~2.7 cm" 1 . Very recently, however, high-resolution laser heterodyne spectroscopy has detected individual vibration-rotation lines of v 9 in emission from Jupiter's stratosphere (Kostiuk et al 1981 . This laser heterodyne astronomy program was a major reason for undertaking the present laboratory study.
Although C 2 H 6 has not been detected in molecular sources outside the solar system, the 12 ¿mi band is again the best candidate for a search. Ethane cannot be detected in the radio region because it has no permanent dipole moment.
5 However, infrared laser heterodyne spectroscopy has recently provided the 10 /mi detection of the similarly nonpolar ethylene molecule (C2H4) in the circumstellar cloud of IRC -b 10216 (Betz 1981) . Two other nonpolar hydrocarbons, methane and acetylene, have already been identified in the infrared spectrum of this source (Hall and Ridgway 1978; Ridgway ei al 1976) . The overlap of the 14 C 16 0 2 laser with the R-side of v 9 means that laser heterodyne searches can be made for ethane in IRC -F10216 and other infrared molecular sources.
The application of infrared laser heterodyne spectroscopy to observations of high-altitude ethane on Jupiter and the possibility that this technique will be used to search for ethane 5 Pure rotational transitions are made weakly allowed through interactions between the torsional mode and dipole allowed vibrations as discussed by Rosenberg and Susskind (1979) . They have predicted frequencies and intensities for AK = 0, AJ = ±1 transitions which would occur in the millimeter wave region. There have been no experimental detections of these lines reported to date. 921 Lines marked with open circles are absorptions from the calibration gases used in the experiment (C0 2 and NH 3 ). Lower panel: simulated spectrum of the same region using the parameters from Daunt et al. (1981) . No torsional effects were included in this calculation.
line emission in other planets and molecular clouds makes a new laboratory analysis of v 9 important at this time. In the previous studies (Daunt et al 1981) , the rotational structure in the g-branches was not resolved. In particular, line splittings due to torsional effects and frequency shifts and intensity anomalies due to higher order Coriolis effects were not observed. Absolute line frequencies measured in that work were only accurate to about 0.01 cm -^ The narrow bandwidth, high resolution, and frequency precision of laser heterodyne techniques requires individual line positions to be known to better than 0.001 cm -1 . A new study of the v 9 band of ethane was therefore undertaken using both high-resolution Fourier transform and tunable diode laser spectra. The combination of these two types of spectroscopy yielded complete coverage of the band with high absolute frequency precision and complete resolution (to the Doppler line width and beyond) in dense spectral regions. The results of a full vibration-rotation analysis including higher order effects is reported here. This analysis allowed accurate line frequencies and intensities to be calculated. An independent study of v 9 by Henry et al (1983) has yielded results similar to those reported in the present paper.
II. EXPERIMENTAL DETAILS
The ethane spectra were recorded with the 1 m Fourier transform spectrometer (FTS) located at the McMath Solar Telescope at Kitt Peak National Observatory. This instrument is a dual, moving cat's-eye interferometer capable of0.005 cm -1 unapolized resolution when operated in the asymmetric interferogram mode. The beam splitters used for this work were made of KBr, and the detector was a liquid helium cooled arsenic-doped silicon photoconductor. A 450 watt glower was used as a continuum source. The reference signal for this instrument is provided by a stabilized HeNe laser. Thirty-two interferograms were averaged during a period of 103 minutes to produce a signal-to-noise ratio of approximately 400/1.
The ethane was a research-grade sample (99.99%) obtained from Matheson Gas Products and used without purification. The gas was contained in a 30 cm straight-path cell with BaF 2 windows. The sample pressure was 4.01 torr, as measured with a capacitance manometer. The temperature of the sample cell was 22°C. Absolute frequency calibration was established by recording the C 2 H 6 spectrum simultaneously with a spectrum of C0 2 . Carbon dioxide at a pressure of 0.5 torr was contained in a White-type multiple traversal cell set for a path length of 193 m. The source radiation beam was passed simultaneously through both cells before entering the spectrometer. The 10 fim 12 C 16 0 2 laser frequencies of Freed et al (1980) were used as standards, and errors introduced by extrapolating the calibration to 12 /un are estimated to be less than 2 x 10 -4 cm -1 . The line splittings due to torsional and torsional-Coriolis effects were studied using tunable diode laser spectra. The experimental details of that portion of the work have been described in a separate paper (Susskind et al 1982) . The diode laser results were used in the present work to measure absolute line intensities and to model the splittings and line shifts which were not sufficiently resolved in the FTS spectra.
in. ANALYSIS a) Assignment of Spectra The FTS spectra were assigned by taking the molecular parameters determined for v 9 from the previous study of Daunt et al (1981) and generating a simulated spectrum with programs described in that work. A list of quantum number assignments, wavenumbers, and relative intensities was generated along with a computer plot of the spectrum. This calculated spectrum with assignments was then used to identify the features in the observed spectrum. The earlier work had clearly resolved only the p P and R R lines of v 9 . The new FTS data resolved the R Q and P Q branches as well as the R P and P R lines in addition to the p P and R R structures. Despite the limited selection of lines in the previous study, the parameters determined there gave an excellent prediction of the FTS spectrum. The upper trace of Figure 1 shows the R Q 4 region of v 9 as recorded by the Kitt Peak FTS instrument. The lower trace is a simulation at 0.005 cm -1 resolution using the constants from Daunt et al (1981) . The structure of this ß-branch had not been resolved in the earlier work (see Fig. 2 of Daunt et al 1981) , yet the prediction was excellent, enabling No. 2, 1984 12 MICRON BAND OF ETHANE 923
Fig. 2.-Selection rules, first-order torsional splittings, predicted splitting patterns, and intensities for an internal rotation barrier in v 9 greater than that in the ground vibrational state. The allowed and forbidden levels are shown by horizontal solid and dashed lines, respectively. assignments to be made in a straightforward manner. Any questionable assignments were checked by the traditional method of combination differences.
b) Theoretical Model
The vibration-rotation Hamiltonian for the ethane molecule can be written to first order as
where H VI b and H ROT are the vibration and rotation Hamiltonians for a symmetric rotor (Herzberg 1945; Allen and Cross 1963) . The term H YR represents vibration-rotation coupling contributions including the usual Coriolis interactions described by Mills (1972) . The rovibrational Hamiltonian, equation (1), used in this work contained all terms through h 3^ plus the ß terms of as described by Blass and Nielsen (1974) and Daunt et al (1981): (J,K,l 9 \H\J,KJ 9 y = v 0 + (A 0 -B 0 )K 2 -2A e C 9 z Kl 9 + £ 0 J(J + 1)
The previous study of Daunt et al (1981) showed that /-doubling and /-resonance interactions were necessary for understanding the observed features of v 9 . The necessary matrix elements have been given by Amat, Nielsen, and Tarrago (1971) as:
<J,K+ 1,/ 9 = -bl|H|J,K -1,/ 9 = -1) = -K</9 ( + ) + àq 9 J J (J + 1) + ôq 9
where the following definitions relative to Amat, Nielsen, and Tarrago (1971, (4) The sign convention used for the /-doubling constant q t i + ) is the generally accepted one of Cartwright and Mills (1970) .
The earlier lower resolution study (Daunt et al 1981 ) required only those terms described by equations (2)-(4). Torsional splittings and higher order effects were not needed to account for the observed data and were therefore not included in the model.
The characteristics of torsional spectral features in ethane were first referred to by Wilson (1938) and later were discussed in more detail by Susskind (1974) and Hougen (1980) . Observed ethane torsional splittings were first reported by Flicker et al (1977) in the v 9 band but went unanalyzed at that time. Pine and Lafferty (1982) observed torsional splittings in the 3 /mi bands, but the strong interactions among the many vibration-rotation states prevented a quantitative upper state analysis. Patterson et al (1981) correctly interpreted the observed intensity anomalies in the diode laser spectrum of the R Q 0 branch of v 9 as due to the effects of torsional splittings. Diode laser spectra recorded by the present authors across a wide range of the v 9 band and described in more detail elsewhere (Susskind et al 1982) clearly showed torsional splittings plus the effects of a Coriolis interaction with the 3v 4 torsional state.
These newest observations indicated that the high-resolution FTS data needed to be analyzed with a model that included torsional effects. This changed the Hamiltonian of equation (1) 
where the details of the new terms H TOR and H TY are described elsewhere (Susskind et al 1982; Susskind 1974; Hougen 1980) . Only the most important effects of these terms on the appearance of the spectra will be discussed here.
The torsional term H TOR causes each |J, K, /) vibrationrotation state to be split into four torsional substates denoted by the torsional symmetry number cr = 0, 1, 2, 3. As shown in Figure 2 the allowed levels in the ground vibrational state have the following value relationship : even a for K even and odd cr for K odd. In the v 9 = 1 state the reverse is true. The overall selection rules for v 9 transitions are AK = ±1, Al= ±1, AJ = 0, ± 1, and Act = 0. The H Ty term allows each vibrational state to have a different value for the barrier to internal rotation. To the extent that this barrier changes, the spacings of the cr torsional levels will differ for each vibrational state.
Figure 2 also shows the splitting (A 9 ) between the allowed torsional levels in v 9 to be less than that in the ground state (A g ). If such a difference between the torsional level splittings in lower and upper states exists, then each normally allowed transition, denoted by the spectroscopic symbol ak [AJ] k (J), will be split into a torsional doublet. The first-order torsional model given by Susskind (1974) predicts that all v 9 doublets should have essentially the same splitting of S 0i9 = [A 9 -A G |. One torsional component is shifted AS ( = [S 0 ,9/3]) from the unsplit position, while the other component is shifted 2AS in the opposite direction. The sense of the shifts depend on the appropriate ground-state K values as given in Table 1 . The diode laser spectra (Susskind et al. 1982) showed that the torsional doublets at low J and K values were indeed split by a constant value of ~2.2 x 10" 3 cm -1 but that lines with higher J and K values sometimes had splittings of more than 0.05 cm -h This observation could not be accounted for using only the terms H TOK and H TY . An accidental Coriolis resonance with the nearby torsionally excited state 3v 4 was shown to account for the observed J, K-dependent splitting in excess of the intrinsic torsional splitting, S 0i9 . This had the effect of perturbing each component of a doublet by a different amount, thereby altering the apparent splitting. A final model Hamiltonian including all the important effects is then given by H = Hyi B + H rot + H\ R + H tor + H ty + H cor , (6) where H COR is described in detail in Susskind et al. (1982) . The 
4:1 2 -(1/3)S 0 , 9 0 (2/3)So, 9 4:1 1 (1/3)S", 9 3 -(2/3)S", 9 6:2 0 (2/3)So,9 2 -(1/3)S 0 , 9 10:6 0 (2/3)S 0 9 2 -(1/3)S"; 9 a S = stronger and W = weaker component. b S 0 ,9= |A 9 -A g | is the difference in torsional level splittings between the ground and v 9 vibrational states. Note that the ( -/) states of v 9 are closer to the 3v 4 levels than the ( + /) states. Since transitions with AX = -1 ( p P, P Q, P R) terminate in the ( -/) levels, they will be the most perturbed by 3v 4 . energy levels involved in this resonance are schematically shown in Figure 3 . The 3v 4 state has four torsional <7 substates with the vibrational origin energies shown in the figure. The energy separations from the origin of the v 9 state are given by A,, = v 9 -(3v 4 ) (T = A 0 , Ai, A 2 , and A 3 . It should be noted from this figure that the |v 9 , J, K -1, -1) levels ( -/ states; see Herzberg 1945 ) are closer to the 3v 4 levels than the |v 9 , J, X + 1, +1) levels ( + / states). Since the selection rule for the Coriolis interaction is K V9 -X 3v4 = l V9 the perturbations are expected to be greater for the -/ levels than for the -b / levels. The observed diode laser spectra of the P Q K {J) branch (AX = A/ = -1, AJ = 0) lines showed splittings that were much more perturbed than those for the r Qk(J) branches (AX = A/ = +1, AJ = 0) in agreement with this model. A diagram of how the individual vibration-rotation-torsion states are coupled through the Coriolis resonance is given in Figure 4 for the case of X" = 6. The magnitude of the perturbation to any |v 9 , J, X + /, /, a} level through H COR is given by secondorder perturbation theory as
where C is a coupling constant described in Susskind et al. (1982) and found to have the value 0.032 cm -h The perturbation is different for each cr torsional state. Therefore the total splitting for a transition to an upper state | J, X -b /, /) is given by The rotational contribution to each denominator in equation (9) is given to first order by
The primary source of any observed splitting is given by the first term on the right-hand side of equation (8), i.e., the intrinsic splitting: S 0 ,9. The second factor affecting the observed splittings comes from the difference in the Coriolis perturbations to each component as given by the second term on the right-hand side of equation (8). The intrinsic splitting S 0 ,9 (^2.2 x 10" 3 cm" 1 ) dominates far from resonance, i.e., for lines having large K"AK values or those near the subband origins (J ae K). For lines with either larger (J -K) or more negative K 'AK values the Coriolis effects become progressively greater. This results in frequency shifts which enlarge the torsional component splittings to values sometimes exceeding 0.050 cm"
1 . The Coriolis perturbation is positive and always greater for the a ( = 0 for K even and =1 for K odd) levels than for the <r + 2 levels provided the interacting v 9 and 3v 4 states do not cross. This is in the same sense as the first-order torsional splitting, S 0f9 , assuming a barrier in v 9 greater than that in the ground state. Since all the lines treated in this paper were not near the level crossing (K"AK = -17), the Coriolis perturbation always increased the splittings. c) Correction of the Data Set The original FTS data set consisted of over 2000 assigned lines having quantum number values of -13 < K 'AK < +18 and J" < 40. These lines covered the spectral region between 765 cm" 1 and 900 cm" 1 and at first inspection did not show torsional splittings. This is understandable since in the previous section it was seen that the first-order splitting, S 0 ,9, was 0.0022 cm" 1 and the unapodized resolution of the FTS data was 0.005 cm"
1 . Lines with high J and K quantum numbers have observable splittings greater than the resolution only when the Coriolis contribution of equation (8) 
tion of the data. However, the resolution and signal-to-noise ratio of the data set used for the present study was such that most of the torsional doublets were either unresolved or the weaker component was not reliably measured. The very high frequency precision of the FTS data meant that some correction for the combined instrumental and torsional effects (splittings and shifts) had to be carried out before a complete analysis would yield reliable molecular constants free of systematic model errors. All the terms of equation (6) can be treated simultaneously using a global model Hamiltonian, but this was deemed unnecessary since the torsional terms are essentially independent of the rest of the terms in equation (6). Therefore an alternative method to full diagonalization was used. The effects of torsional splitting and the Coriolis resonance with 3v 4 were calculated using Table 1 and equation (7 ), respectively. These calculations were then used, together with the instrumental response, to deperturb the observed data yielding "corrected" frequencies which could be fitted with equations (2) and (3). The clearest way to describe this procedure is to refer the reader to Figure 5 . The torsional splitting from the unperturbed and unsplit position (v 0 ) was calculated according to Table 1 using the results from Susskind et al (1982) (Fig. 5a ). The effects of the Coriolis resonance with 3v 4 on each torsional component was then calculated using equation (7) and added to the first-order torsional result (Fig. 5b) . This was followed by giving each component transition a Doppler width profile (Av D = 1.8 x 10 -3 cm" 1 FWHM) in the proper intensity ratio (Table  1) and adding the result in the case of overlap (Fig. 5c ). The next step was a convolution with the appropriate instrument profile. This was followed by a peak finding routine that located maxima in the final profile and calculated the shift(s) from the origin v 0 (Fig. 5d) . These shifts were then subtracted from the observed transition frequencies to yield a corrected data set. The modified data set then corresponds to the spectrum of v 9 which would be observed if torsion and the 3v 4 resonance did not exist. This corrected data set does not represent any physically observable spectrum, but it allows the fitting of the band to a standard model that simplifies both the analysis and subsequent simulation of the spectrum for astrophysical modeling. Simulated spectra for comparison with observed data are easily obtained by adding the calculated torsional and Coriolis effects to the unsplit line positions to predict the final spectrum. 
where E gs is the ground-state energy and E" alc came from step (1).
3. The derivatives ÔE/ôy m , where y m is a particular molecular parameter such as ol 9 b , were calculated using the HellmanFeynman theorem (Rowe and Wilson 1975) .
4. The residuals, A 0 _ c , were fitted to a Taylor series expansion of the energy retaining only the terms linear in ôy, i.e., ^ • (12) y n 5. The molecular parameter set y n was corrected according to a _ v ^ Ao-c --mby m (ym)n+l -(ym)n + • (13) The series of steps from 1 through 5 continued until the stepwise regression (Efroymson 1960) produced no significant reduction in the sum square error of the remaining A 0 _ c of step 2. At that point, the data, which had been originally weighted uniformly (wt. = 1), was reweighted according to the method of biweights (Beaton and Tukey 1974) as in the previous v 9 study (Daunt et al. 1981) . The procedure was terminated using a modified x 2 test (Lin, Blass, and Gailar 1980) . e) Results Several parameter sets, corresponding to model Hamiltonians limited to lower order terms than those presented in equations (2) and (3), were also tried in the analysis procedure described above. In all, four parameter sets were determined No. 2, 1984 12 MICRON BAND OF ETHANE 927 involving inclusion and exclusion of {ß J , ß JK , ß K } and {ôq 9 J , ôq 9 K ] in various combinations. Each parameter set was used to synthesize plots of selected 2 cm -1 segments of the spectrum on a 1 cm -1 per meter scale. These were then compared with the observed spectrum plotted on the same scale. Based on these visual comparisons, the best parameter set was judged to be the full set described by equations (2) and (3) and listed in Table 2 . The analysis of 1609 corrected transitions yielded a standard deviation of 0.7 x 10" 3 cm -1 . The overall agreement between the v 9 molecular constants of the present study and those reported by Daunt et al (1981) and Henry et al (1983) is very good. The only notable discrepancy occurs in the band origin v 0 which appears to be ~ 0.001 cm -1 too low in Henry et al (1983) . The fact that their interferometer has to be operated in air at present is probably responsible for this small but significant wavelength offset.
A ground-state constant determination was also carried out as in Lin, Blass, and Gailar (1980) using 893 ground-state combination differences. Results of this analysis and comparison with previous work are shown in Table 3 . The excellent agreement with the analysis of laser difference frequency data by Pine and Lafferty (1982) and recent FTS data by Henry et al (1983) indicates that the ground-state constants for ethane are now very precisely determined.
The quality of the analysis is best demonstrated by examination of Figures 6-9 which show the R Q K (J\ K = 1, 2, 3, and 4 branch regions of v 9 . Panel a of each figure shows the FTS data, and panel b, a corresponding diode laser scan of the same region.
The Doppler limited diode laser data was computer deconvoluted using the techniques described by Blass and Halsey (1981) in order to clearly resolve the torsional splittings at low J and K values. These results are shown in panel c of each figure. The intrinsic torsional splitting of S 0 ,9 = 2.2 x 10" 3 cm -1 is now readily visible. The parameters of Tables 2 and 3 for the deperturbed v 9 plus the torsional/ Coriolis parameters of Susskind et al (1982) were then used to simulate the deconvoluted spectra. The results for a calculated line width of 0.001 cm -1 are shown in panel d of each figure. The agreement is most pleasing in each case. Features not reproduced are attributed to the hot band v 9 + v 4 -v 4 which has not been included in the simulation. It is evident from Figures 6-9 that the present model can reproduce essentially all the observed v 9 features in the present data with good frequency accuracy (better than 0.001 cm" 1 ). The relative intensities of the torsional doublets in Figures 6-9 appear to deviate from the calculated because the scans available for deconvolution were not recorded under conditions necessary for accurate absolute intensity measurements. Additional diode laser spectra recorded for the purpose of intensity measurements gave excellent agreement with the theoretical predictions of Table 1. IV. DISCUSSION One of the most important features of the v 9 band is the R Qo(J) branch. This band head has been used to evaluate the ethane abundance in the Jovian atmosphere (Tokunaga, Knacke, and Owen 1976; Tokunaga et al 1979) because it stood out clearly from the remainder of the band. It was noted, however, by Tokunaga and Varanasi (1976) that it was impossible to simultaneously fit R Q 0 and the rest of the v 9 band to a standard model. These workers obtained effective molecular parameters for R Q 0 and made laboratory intensity measurements which were then used to extract mixing ratios and abundances from the astrophysical spectra.
The anomalous behavior of R Q 0 is due to /-doubling effects (Daunt et al 1981) induced by the Coriolis interaction of v 9 with v 4 , v 5 , and v 6 (Susskind et al 1982) . This explains the difference between R Q 0 and the other P,R Q K branches reported by Tokunaga, Knacke, and Owen (1976) , Tokunaga and Varanasi (1976) , and Tokunaga et al (1979) . The detailed line showing that even at Doppler limited resolution the fine structure is still unresolved; (c) deconvoluted diode data illustrating complete resolution of the unusual structure of R Q 0 . This is a result of a twofold torsional effect for R Q 0 caused by the 3V4 resonance and the strong /-doubling that is quite common in the R Q 0 branch of perpendicular bands of symmetric top molecules; (d) simulated spectra using the full model. Unassigned peaks are assumed to belong to the hot band v 9 + v 4 -v 4 .
pattern of was partially resolved in the diode laser spectra of Flicker et al (1977) and interpreted correctly later by Patterson et al. (1981) . Only when taking the torsional effects into account could the unexpected intensity pattern of the lines be understood. The effect of the Coriolis interaction on the component splitting is a factor of 2 larger for R Q 0 than for most other branches (the exceptions being R R 0 and R P 0 , where there is no torsional-Coriolis interaction). The combination of this enlarged torsional splitting and the narrowing of J-line spacings caused by the /-doubling are responsible for the anomalous appearance of R Q 0 . This feature is the final test for the present model. Figure 10a shows the FTS spectrum where the line spacings are so close that very little is resolved. A Doppler-limited diode laser scan of *ß 0 is shown in Figure 10b , where more structure is visible but still not enough for a detailed line-by-line analysis. If the spectrum in Figure 10b is deconvoluted, then complete resolution of all the torsional features is obtained as seen in Figure 10c An accurate model of the line positions and relative intensities of *ß 0 is now available. The uncertainty of earlier astrophysical studies caused by a lack of understanding of the structure of this feature has been removed.
There have been several attempts to obtain absolute intensity values for the entire v 9 band (Varanasi, Cess, and Bangaru 1974) and for the R Q 0 branch alone (Tokunaga, Knacke, and Owen 1976; Tokunaga and Varanasi 1976; Tokunaga et al. 1979) . A combination of our calculated relative line strengths and diode laser absolute line strength determinations has allowed us to derive a value of 0.53(±0.05) cm -2 atm -1 at 296 K for the R Q 0 branch. The integrated strength from the FTS data for the R Q 0 region gave S = 0.56(±0.03) cm" 3 Intensity ratio of R(perturbed)/R(unperturbed). b Intensity ratio of P(perturbed)/P(unperturbed).
atm~1. These values are much lower than the S = 0.74(±0.09) cm" 2 atm" 1 obtained by Tokunaga and Varanasi (1976) from unresolved medium resolution data. The value of 0.70 cm" 2 atm"
1 derived from diode laser data reported in Henry et al (1983) is more problematic. They used a rigid rotor model and measured only R Q type transitions with low K and high J quantum numbers. These are the lines, however, whose intensities are the most perturbed by the /(2, 2) resonance. The extent of this perturbation is quite pronounced as shown in Table 4 and Figure 11 . The R Q 1 (25) and K Qi(30) lines are 22%
and 31% stronger than normal (rigid rotor model) and will appear to be 44% and 62% stronger than the respective i, ß 1 (25) and P ö 1 (30) lines (see Fig. 11 ). The K and J dependence of this effect accounts for the problems reported in Henry et al. (1983) in trying to derive a consistent transition dipole moment as K and J changed. These types of intensity effects have been described in more detail in Mills (1969) , Cartwright and Mills (1970) , and Masri and Blass (1971) . In short, the overall intensity effect of the resonance (for the case of v 9 of C 2 H 6 ) is to enhance R Q, p P, 
Relative Intensity P (48) P (46) P (44) P (42) P (40) P ( (14) P (12) P (10) P(8).
P(6). The conversion from wavenumber to frequency was calculated with a value of c = 2.99792458 x 10 10 cm s and P R type transitions while depleting the P Q, R R, and R P type transitions. Unless one samples all sets of transitions for wide values of K and J, the derivation of a band strength will be in error. It would be possible to derive strengths from a few selected lines but only if the resonances have been rigorously taken into account. The particular case of v 9 of C 2 H 6 strongly illustrates the inadequacy of using rigid rotor models for the study of perturbed bands.
In comparing the two diode laser line intensities studies where measurements overlap, the present study obtained experimental strength values about 40% lower than those reported in Henry et al (1983) . This disagreement is independent of the model problem discussed above. Since large discrepancies still exist, further work on the absolute intensity problem is required before R Q 0 or any other features of v 9 can be used as precise probes for ethane abundances. It should also be remembered that a large proportion of the observed intensity in the 12 /mi region is attributable to the as yet unanalyzed hot bands (v 9 H-nv 4 -nv 4 ), the 3v 4 band, and isotopic bands. Work on these problems is presently underway.
Recently Bjoraker et al (1981) reported a detection of ethane on Saturn in the 3 /un region through a band strikingly similar in appearance to v 9 (g-branch spacings ~2.7 cm -1 apart).
There is also the possibility of using the v 9 4-v 12 band (Lin, Blass, and Gailar 1980) as a probe for ethane as suggested by Treffers et al (1978) . However, v 9 would still appear to be the strongest feature of C 2 H 6 in the usual atmospheric windows and therefore the best candidate for extraterrestrial searches. The suitability of the v 9 band for laser heterodyne searches in molecular sources was a primary motivation of the present study. The R side of the v 9 band overlaps the /-band P-branch of the 14 C0 2 laser lines and provides the best opportunities for heterodyne studies. Assuming a Doppler shift for a source of ± 3 GHz (as for Jupiter) and a filter-bank width of ± 3 GHz, candidate coincidences within ±6 GHz (±0.2 cm"
x ) between the stronger transitions of v 9 and the 14 C0 2 laser lines are listed in Table 5 . The quality of the reported offsets have been checked recently by laboratory heterodyne measurements by Weaver et al. (1983) . Comparisons with the predictions in Table 5 for the eight lines studied show an average difference of only 6 MHz. Several of these predicted coincident ethane transitions have recently been observed in the Jovian stratosphere by Kostiuk et al (1983) . The relative intensities listed in Table 4 can be converted to absolute intensities by applying the multiplicative conversion factor 7.1(0.7) x 10" 3 cm" ONvOOCNVÛJ'OOOC\JOONVOvOOJrOf>oj-j-COVûr^r^r'Oir\00(\JCNOO*-ON(\jr^vOC\JOO*-rocooOiAOirNirM^C\JOOOO t -uNOin^-c\jooc\jo(\jr-o«-< v iiAc^rONC*-voiA»-poj-r-j3-ovooocoiA<\j^roor~cTr-oo^oor-(\j-i-j-iAr-ojONzroo>o z r-po^-inoOOOC -OOO'-OC'-OOOOOvOOfOJ-O^ovOOCOOsIfOO'-iAONOOr^OOfOOroOOOJ'OvJvOT-OJ--r0O»-roOOOOOOOOOOOOOOOOOOr-OOOOr-O«-OOOOC0OOOroOOiAO'-OiAO00r--roOOO oooooooooocoooooooooooooooooooooooooocooooooooooooooo UJ > < 3:
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CMCNO-TiAOr-roroj'OOcOro'Oh-CMCMCMCMcororO^TcruAiAu^LAOr^COOOOOCOOOONO'-*-»-^-(MCMJ-J-J-lAiAiAA-OOOn J uA lA lA lALAvOVONOr^r^A-O-r-A-COOO OO CO OOOOOCOOOOCOOOCOOOCOOOOOCOOOOOOOOOOnOnONOnOnOnOnOnOnOnOnONOnOnOnOn r-r-f --r-r-r-f'-f'-r~-r-C" r^-r-r-r-c*-r-a* r^-f "-f-r-r~* a* r^* a* a» a* a* a-a* a* a-a-a-a-a-a* a-a-a-a~ a* f-a measurements of v 9 transitions and corresponds to a sample temperature of 296 K. The lines listed in Table 5 have been taken from an atlas of calculated v 9 transitions compiled from the present study and covering the region from 750 to 900 cm -1 . This atlas consists of two sections: Part I-plots of the observed FTS spectrum and a simulated spectrum calculated at Doppler width for 300 K (1.8 x 10~3 cm" 1 ); and Part II-a list of over 8500 calculated transition frequencies, quantum number assignments, and relative intensities. A page from Part I of this atlas for the 837.5-840.0 cm" 1 region is shown in Figure 12 . The corresponding page list of Part II for the plots in Figure 12 is given in Table 6 . The intensity conversion factor discussed above applies to the entire v 9 atlas. Copies of this atlas may be obtained by writing to the authors (S. J. D., D. E. J., or W. E. B.).
